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1
DEVICES CONTAINING ORGANIC
POLYMERIC MULTI-METALLIC
COMPOSITES

RELATED APPLICATION

Reference is made to copending and commonly assigned
U.S. application Ser. No. 13/671,854, filed on Nov. 8, 2012,
by Shukla, Meyer, Mis, and Dirmyer, and is entitled
ORGANIC POLYMERIC MULTI-METALLIC COMPOS-
ITES.

FIELD OF THE INVENTION

This invention relates to various devices containing
organic polymer-multi-metallic alkoxide or aryloxide com-
posites as dielectric materials. Useful devices include thin
film transistors. It also relates to a method for making these
making these devices containing the composites.

BACKGROUND OF THE INVENTION

A typical field effect transistor (FET) comprises a number
of layers and they can be configured in various ways. For
example, an FET may comprise a substrate, a dielectric, a
semiconductor, source and drain electrodes connected to the
semiconductor and a gate electrode. When voltage is applied
between the gate and source electrodes, charge carriers are
accumulated in the semiconductor layer at its interface with
the dielectric resulting in the formation of a conductive chan-
nel between the source and the drain and current flows
between the source and the drain electrode upon application
of potential to the drain electrode.

FET’s are widely used as a switching element in electron-
ics, for example, in active-matrix liquid-crystal displays,
smart cards, and a variety of other electronic devices and
components thereof. The thin film transistor (TFT) is an
example of a field effect transistor (FET). The best-known
example of an FET is the MOSFET (Metal-Oxide-Semicon-
ductor-FET), today’s conventional switching element for
high-speed applications. Presently, most thin film devices are
made using amorphous silicon as the semiconductor. Amor-
phous silicon is a less expensive alternative to crystalline
silicon. This fact is especially important for reducing the cost
of transistors in large-area applications. Application of amor-
phous silicon is limited to low speed devices, however, since
its maximum mobility (0.5-1.0 cm?*/Vsec) is about a thou-
sand times smaller than that of crystalline silicon.

Although amorphous silicon is less expensive than highly
crystalline silicon for use in TFT’s, amorphous silicon still
has its drawbacks. The deposition of amorphous silicon, dur-
ing the manufacture of transistors, requires relatively costly
processes, such as plasma enhanced chemical vapor deposi-
tion and high temperatures (about 360° C.) to achieve the
electrical characteristics sufficient for display applications.
Such high processing temperatures disallow the use of sub-
strates, for deposition, made of certain plastics that might
otherwise be desirable for use in applications such as flexible
displays.

In the past two decades, organic materials have received
significant attention as a potential alternative to inorganic
materials, such as amorphous silicon, for use in semiconduc-
tor channels of FET’s. Compared to inorganic materials, that
require a high-temperature vacuum process, organic semi-
conductor materials are simpler to process, especially those
that are soluble in organic solvents and, therefore, capable of
being applied to large areas by far less expensive processes,
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such as roll-to-roll coating, spin coating, dip coating and
microcontact printing. Furthermore organic materials may be
deposited at lower temperatures, opening up a wider range of
substrate materials, including plastics, for flexible electronic
devices. Accordingly, thin film transistors made of organic
materials can be viewed as a potential key technology for
plastic circuitry in display drivers, portable computers, pag-
ers, memory elements in transaction cards, and identification
tags, where ease of fabrication, mechanical flexibility, and/or
moderate operating temperatures are important consider-
ations. However, to realize these goals, OFET semiconductor
and dielectric components should ideally be easily manufac-
tured using high-throughput, atmospheric pressure, solution-
processing methods such as spin-coating, casting, or printing.

To date in the development of organic field effect transis-
tors (OFET’s) considerable efforts have been made to dis-
cover new organic semiconductor materials and optimizing
properties of such materials. The overall performance of an
OFET is dependent on a number of factors such as the degree
of crystallization and order of organic semiconductor layer,
charge characteristics and trap density at the interfaces
between dielectric and organic semiconductor layers, carrier
injection ability of the interfaces between source/drain elec-
trodes and organic semiconductor layers. Although, the gate
dielectric layer is intended to ensure a sufficiently good elec-
trical insulation between the semiconductor and the gate elec-
trode it plays an important role in the overall performance of
an OFET. In particular, the gate dielectric permits the creation
of'the gate field and the establishment of the two-dimensional
channel charge sheet. Upon application of a source-drain
bias, the accumulated charges move very close to the dielec-
tric-semiconductor interface from the source electrode to the
drain electrode. Since the charge flow in organic semiconduc-
tor occurs very close (~1 nm) to the dielectric interface, it is
important to optimize chemical and electrical behavior of the
dielectric layer.

Besides these factors, the dielectric surface morphology
has a great effect on carrier or charge mobility of the semi-
conductor. The surface morphology of the dielectric material
and variations in its surface energies [for example, surface
treatment via self-assembled monolayers (SAMs)] have been
shown to modify the growth, morphology, and microstructure
of'the vapor/solution-deposited semiconductor, each of these
being a factor affecting mobility and current on/off ratio, the
latter being the drain-source current ratio between the “on”
and “off” states, another important device parameter. The
properties of the dielectric material can also affect the density
of state distribution for both amorphous and single-crystal
semiconductors.

Gate dielectric materials for OFET’s can be divided into
inorganic and organic materials. Inorganic dielectric materi-
als like silicon oxide (Si0,), silicon nitride (SiN, ), aluminum
oxide (AlO,), and tantalum oxide (TaO,) are conventionally
deposited via chemical vapor deposition (CVD) and plasma
enhanced CVD methods which are high temperatures (>300°
C.) processes and not compatible with polymeric substrates.
Lower processing temperatures usually lead to poor quality
films with pinholes, resulting in poor insulating properties. As
aresult it is necessary to use thick layers (more than 100 nm)
to ensure sufficiently good insulator properties which results
in increased supply voltages for operation of such circuits.
Another widely used process is ion beam deposition, but it
needs high vacuum and expensive equipment that are incom-
patible with the goal of very low cost production. Similarly,
use of other high dielectric constant inorganic materials as
barium zirconate titanate (BZT, BaZrTiO;) and barium stron-
tium titanate (BST, BaSrTiO;) need either a high firing tem-
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perature (400° C.) for the sol-gel process, or radiofrequency
magnetron sputtering, which also requires vacuum equip-
ment, and can also have stoichiometric problems.

In addition to higher temperature processing, inorganic
insulating layers generally require interfacial modification
before they can be used with an organic semiconductor. It has
been shown that the presence of polar functionalities (like
—OH groups on SiO, surface) at the dielectric-organic semi-
conductor interface trap charges which results in lowers car-
rier mobility in organic semiconductors.

Most organic materials used in OFET’s cannot withstand
the high processing temperatures used with conventional
inorganic materials. For example, the 200° C. or higher tem-
peratures needed to process conventional inorganic materials
would at the very least cause a polymeric substrate to deform,
and might cause further breakdown of the polymer or even
ignition at high enough temperatures. Deformation is highly
undesirable, since each layer of the structure has to be care-
fully registered with the layers below it, which becomes dif-
ficult to impossible when the layers below it are deformed due
to processing temperatures.

As an alternative to inorganic gate dielectrics, insulating
polymers have been proposed for fabrication of OFET’s,
including poly(4-vinyl phenol) (PVP), poly(methyl meth-
acrylate) (PMMA), poly(styrene) (PS), poly(perfluorobute-
nylvinylether) (CYTOP), and poly(acrylic acid) (PAA). U.S.
Pat. No. 7,298,023 (Guillet et al.) discloses use of organic
insulator (or dielectric) comprising a base polymer of PVDC-
PAN-PMMA copolymer with the general formula
(—CH,Cl,—),—CH,CH(CN)—),—(CH,C(CH,)
(CO,CH,)),, whereinX, y, z, in each case, independently from
one another, can assume values between 0 and 1 for use in
OFETs and organic capacitors. However, the presence of
polar groups at the dielectric interface can create dipolar
disorder which lowers the carrier mobility. U.S. Patent Appli-
cation 2008/0283829 (Kim et al.) relates to an organic insu-
lator composition including a crosslinking agent and a
hydroxyl group-containing oligomer or hydroxyl group-con-
taining polymer is provided. However, the presence of
hydroxyl groups at the organic semiconductor-gate dielectric
interface is not desirable as hydroxyl groups trap charges.

U.S. Pat. No. 6,232,157 (Dodabalapur et al.) relates to the
use of polyimide as material for organic insulating films, but
such insulating films require a high temperature heat treat-
ment to obtain chemical resistance.

U.S. Pat. No. 6,617,609 (Kelley et al.) relates to coating a
thin siloxane polymeric layer on a gate dielectric (that is
usually Si0O,). Device performance was shown to improve
when a siloxane polymeric layer was present but this
approach is limited in scope since it requires inorganic oxide
gate dielectrics (claim 11). Moreover, the siloxane polymer is
not on top of an organic polymer gate dielectric. Similarly,
U.S. Pat. No. 7,352,000 (Kelley et al.) relates to an OFET
comprising a thin substantially nonfluorinated polymeric
layer interposed between a gate dielectric and an organic
semiconductor layer. Although this publication mentions
polymeric gate dielectric materials such as poly(vinylidene
fluoride) (PVDF), cyanocellulose, polyimides, and epoxies, it
specifically teaches the use of inorganic materials for the gate
dielectric, and requires the coating of multiple layers, which
is difficult and costly.

U.S. Patent Application Publication 2009/0166613 (Lee et
al.) describes a composition for forming a gate insulating
layer of an OFET comprising a polyacrylate dielectric and
pentacene as semiconductor with mobilities in the range of

20

25

30

35

40

45

50

55

60

65

4

0.19-0.25 cm*/V's., which are significantly lower than those
reported by Park et al., Thin Solid Films 515, 4041-4044
(2007).

U.S. Pat. No. 7,279,777 (Bai et al.) describes cyano-func-
tional polymers for Al,O, dielectric surface modification and
OFET devices.

Since these polymer dielectrics are not crosslinked, the
resulting dielectric film cannot be subjected to any processes
involving the use of solvents. To address this problem various
cross linked polymer dielectrics have been developed for
example as described by Halik et al. [Journal of Applied
Physics 93, 2977 (2003)]. In addition, U.S. Pat. No. 7,482,
625 (Kim et al.) describes blending polyvinyl phenol with
another polymer for certain physical, chemical and electrical
characteristics. However, this approach has limited applica-
tion since a high temperature of about 200° C. is required to
attain crosslinking.

Low operating voltage is essential for various OFET’s
applications, such as portable displays, smart cards, and radio
frequency identification tags. Furthermore, patchable elec-
tronics such as smart patches and smart textiles must be
operated at low voltages because they are worn on the human
body. To operate at low voltage, OFET’s must have a dielec-
tric layer with high dielectric constant. For example, ferro-
electric insulators, such as BaSrTiO; (BST)), Ta,Os, Y,0;,
and TiO, and inorganic insulators, such as PbZr Ti; O,
(PZT), Bi,Ti;0,,,  BaMgF,  SrBiy(Ta, Nb),O,,
Ba(Zr, [ Ti,)O, (BZT), BaTiO,;, SrTiO;, and B1,Ti;O, , have
been used as materials for inorganic insulating films. How-
ever, these inorganic oxide materials do not have any signifi-
cant advantages over conventional silicon materials in terms
of processing.

Polymer materials are usually not appropriate for use in
low voltage applications due to their low dielectric constant
(k). There have been many attempts to obtain a high capaci-
tance with gate dielectrics by reducing their thickness or
using polymer-inorganic composites to increase the dielectric
constant (k) to produce low voltage operating OFET’s

For example, Japanese Patent 3,515,507 (Aoki et al.) dis-
closes an organic polymer and an inorganic material that are
mixed to provide insulating film with flexibility and high
dielectric constant. In accordance with this reference, a pow-
der obtained by mechanically grinding a ferroelectric mate-
rial such as barium titanate is dispersed in an organic polymer
to compensate the dielectric constant of the resulting insu-
lated gate film and hence lower the gate voltage required for
the operation of OFET. However, when this method is used,
the thickness of the insulating film is limited to the size of the
inorganic material thus ground. Furthermore, since a solid
material is dispersed in an organic polymer solution, an
uneven dispersion is formed, possibly causing the generation
of local electric field and concurrent dielectric breakdown
during the operation of transistor. Importantly, since the inor-
ganic material is merely present in the organic polymer and
thus does not compensate the chemical resistance of the insu-
lating film, the resulting insulating film cannot be subjected to
any processes involving the use of solvents.

Japanese Patent Publication 2003-338551 (Shindo) dis-
closes a technique of forming a thin ceramic film as an insu-
lating film on the surface of silicon wafer by a sol-gel method
allowing a low temperature treatment. The resulting thin
ceramic film can be prevented from being cracked, making it
possible to efficiently produce electronic parts having a high
reliability. However, the thin ceramic film is an insulating film
made of an inorganic material that can be applied to silicon
wafer, which is nonflexible and hard, but it cannot be applied
to flexible substrates.
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U.S. Patent Application 2010-0230662 (Chen et al.) dis-
closes gate insulating layer comprising an azole-metal com-
plex compound. However, pentacene based OFET having an
azole-metal complex compound as a dielectric shows lower
mobility and poor current on/off ratio.

U.S. Patent Application 2010-0051917 (Kippelen et al.)
discloses embodiments of OFET’s having a gate insulator
layer comprising organic polymer, specifically poly(vinyl
phenol) (PVP), nanocomposites incorporating metal oxide
nanoparticles (for example, barium titanate (BaTiO;), stron-
tium titanate (SrTi0;), and barium zirconium titanate (BaZr-
TiO,)) coated by organic ligands and methods of fabricating
such OFET’s.

Usually dispersions of metal oxide nanoparticles in a poly-
mer matrix are not homogeneous. In an attempt to obtain a
uniformly dispersed organic-inorganic mixture system as an
ordinary material technique, it has been practiced to prepare
a composite film from a mixture of a solution of metal alkox-
ide that is a precursor of inorganic oxide and an organic
polymer solution by a sol-gel method. In this case, it is
expected that as the dispersion of organic polymer is made
more on monomolecular level, the thermal stability of the
organic polymer is more enhanced. Thus, when a polymer or
molecules capable of making hydrogen bond such as
hydroxyl group or electrostatic mutual action are present in a
metal alkoxide solution, a sol-gel polycondensation is formed
selectively on the surface of the compound to form a dried gel.

A composite film of poly(methyl methacrylate-co-meth-
acrylic acid) (PMMA-co-MAA)/sol-gel-derived TiO, has
been used as gate dielectric layer in pentacene based OFET’s.
However, surface roughness of such films is quite high (about
2.1 nm). In the case of deposition of small semiconductor
molecules, such as pentacene, molecular orientation and
grain morphology depend strongly on the surface roughness
and energy of the underlying film. Surface smoothness of
poly(4-vinylphenol)-composite is better (about 1.3 nm) and
pentacene OFETs show smaller threshold voltage (Kim et al.
J. Am. Chem. Soc. 132, 14721, 2010).

Korean Patent Publication 2007-0084643 (Kim et al.) dis-
closes a gate dielectric composition wherein the gate insulat-
ing layer may be formed of typical organic and/or inorganic
compounds. Examples of such organic compounds include
poly(vinyl phenol), poly(methyl methacrylate), polyacrylate
and poly(vinyl alcohol), and examples of inorganic com-
pounds include SiNx (0<x<4), SiO, or Al,O;. A poly(vinyl
phenol) copolymer mixed with a crosslinking agent and an
organic-inorganic hybrid insulator can be used. On top of the
gate insulating layer a thin film of a fluorine-based polymer
can be applied. This publication teaches the use of poly(m-
ethyl methacrylate) and a polyacrylate as a dielectric material
but it requires coating a thin film of fluorine containing poly-
mer on top of it.

U.S. Patent Application Publication 2009/0224234 (Kim et
al.) discloses a photocurable inorganic/polymer composite
including metal oxide nanoparticles by mixing a metal oxide
precursor and a photocurable transparent polymer, and con-
verting a part of the organic film into nano-inorganic particles
through sol-gel and photocuring reactions. However, a strong
protic acid (nitric acid) or a base like sodium hydroxide is
required as catalyst to carry out sol-gel reaction in thin film.
This method introduces mobile ionic impurities in dielectric
layer that could be problematic in electrical applications.

Although various polymer dielectric compositions are
known, a number of problems still remain in terms of the
process of making such dielectric layers and improving over-
all performance in OFET’s. As discussed before, to increase
the dielectric constant of polymer dielectric materials, a num-
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ber of polymer-inorganic composites, by adding metal oxide
nanoparticles and making metal oxide nanoparticles by sol-
gel method, are known. However, these methods do not result
in crosslinking of the dielectric layer, which is a key require-
ment in solution processable OFET’s. To achieve crosslink-
ing photocurable resins have to be used.

Thus, there is a need to increase the dielectric constant of a
polymeric dielectric layer and to provide crosslinking so that
solution processing is possible. With the difficulty in balanc-
ing all desired properties in mind, there continues to be
research to find such useful polymeric dielectric materials for
the preparation of various electrical devices.

SUMMARY OF THE INVENTION

The present invention provides a device comprising a layer
comprising an organic polymeric multi-metallic alkoxide or
aryloxide composite, comprising:

an organic polymer comprising metal coordination sites,
and

multi-metallic alkoxide or aryloxide molecules that are
coordinated with the organic polymer, the multi-metallic
alkoxide or aryloxide molecules being represented by:

(M),(OR),

wherein at least one M is a metal selected from Group 2 of the
Periodic Table and at least one other M is a metal selected
from any of Groups 3 to 12 and Rows 4 and 5 of the Periodic
Table, n is an integer of at least 2, R represents the same or
different alkyl or aryl groups, and x is an integer of at least 2.

A method of this invention for preparing an electronic
device comprises:

independently applying a dielectric composition and an
organic semiconductor composition to a substrate so that,
when dried, the applied dielectric composition forms a single
dielectric layer that is in physical contact with the applied
organic semiconductor composition,

wherein the dielectric composition consists essentially of
an organic polymeric multi-metallic alkoxide or aryloxide
composite in an organic solvent, the organic polymeric multi-
metallic alkoxide or aryloxide comprises:

an organic polymer comprising metal coordination sites,
and

multi-metallic alkoxide or aryloxide molecules that are
coordinated with the organic polymer, the multi-metallic
alkoxide or aryloxide molecules being represented by:

(M),(OR),

wherein at least one M is a metal selected from Group 2 of the
Periodic Table and at least one other M is a metal selected
from any of Groups 3 to 12 and Rows 4 and 5 of the Periodic
Table, n is an integer of at least 2, R represents the same or
different alkyl or aryl groups, and x is an integer of at least 2.
In addition, a process of this invention for fabricating a
thin-film semiconductor device, comprises:
providing a substrate,
providing a gate electrode material over the substrate,
providing an organic film-forming polymer dielectric gate
layer over the gate electrode material,
depositing a thin film of an organic semiconductor mate-
rial, and
providing a source electrode and a drain electrode contigu-
ous to the thin-film of the organic semiconductor material,
wherein the organic film-forming polymer dielectric gate
layer consists essentially of an organic polymeric multi-
metallic alkoxide or aryloxide composite that com-
prises:
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an organic polymer comprising metal coordination sites,
and

multi-metallic alkoxide or aryloxide molecules that are
coordinated with the organic polymer, the multi-metal-
lic alkoxide or aryloxide molecules being represented

by:
(M),(OR),

wherein at least one M is a metal selected from Group 2 of the
Periodic Table and at least one other M is a metal selected
from any of Groups 3 to 12 and Rows 4 and 5 of the Periodic
Table, n is an integer of at least 2, R represents the same or
different alkyl or aryl groups, and x is an integer of at least 2.

In other embodiments of this invention, a method for pre-
paring a thin film transistor device comprises:

making a multi-metallic alkoxide or aryloxide solution,

adding the multi-metallic alkoxide or aryloxide solution to
an organic polymer solution and mixing to provide an organic
polymeric multi-metallic alkoxide or aryloxide composite
solution,

coating the organic polymeric multi-metallic alkoxide or
aryloxide composite solution onto a electrically conducting
substrate,

heating the coated organic polymeric multi-metallic alkox-
ide or aryloxide composite to remove solvent to form a gate
dielectric layer,

depositing an organic semiconductor compound on the
gate dielectric layer to form an organic semiconductor layer,
and

depositing a plurality of sets of electrically conductive
source and drain electrodes on the organic semiconductor
layer.

The present invention provides various devices comprising
unique organic polymeric multi-metallic alkoxide or arylox-
ide composites as dielectric materials, including associated
semiconductor devices that address various deficiencies and
shortcomings in organic polymers used as dielectric layers
known in the art. The present invention uses novel polymer-
inorganic composites and methods that improve the proper-
ties of organic field effect transistors (OFET’s) including
n-type or p-type organic field effect thin film transistors, using
improved dielectric materials. The resulting thin film devices
of'this invention can be readily manufactured using low-cost
processes.

Thus, the organic polymeric multi-metallic alkoxide or
aryloxide composites used in this invention increase the
dielectric constant of the resulting dielectric layers and
because they are crosslinked materials, the resulting dielec-
tric layers in OFET’s can be solution processed.

In some embodiments, the present invention utilizes an
organic polymeric-inorganic composite dielectric material in
organic electronic components such as the OFET’s as well as
a capacitor. The method of this invention provides a way to
make an OFET by providing a substrate, forming a gate
electrode on the substrate, forming a gate dielectric on the
gate electrode using the inventive organic film-forming poly-
mer in a dielectric layer (for example, having a thickness less
than 1 um) interposed between the gate electrode and an
organic semiconductor layer, depositing an organic semicon-
ductor layer adjacent to the polymeric layer, and depositing a
source electrode and a drain electrode contiguous to the
organic semiconductor layer on the substrate.

These advantages are provided by the unique organic
multi-metallic alkoxide or aryloxide composites described
herein that have many desired properties.
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Other advantages of the present invention would be readily
apparent to a skilled worker in view of the following detailed
description of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a through 1dillustrate cross-sectional views of four
possible configurations for an organic field effect transistor
that is one embodiment of the present invention. FIGS. 1a and
15 illustrate a device having a bottom gate configuration and
FIGS. 1¢ and 14 illustrate a device having a top gate configu-
ration.

FIGS. 2a and 25 are graphical representations of the output
and transfer characteristics of the device described below in
Invention Examples 10 and 11.

DETAILED DESCRIPTION OF THE INVENTION

Definitions

As used herein to define various components of the com-
posites, dielectric compositions, semi-conductor composi-
tions and layers, unless otherwise indicated, the singular
forms “a”, “an”, and “the” are intended to include one or more
of the components (that is, including plurality referents).

Each term that is not explicitly defined in the present appli-
cation s to be understood to have a meaning that is commonly
accepted by those skilled in the art. If the construction of a
term would render it meaningless or essentially meaningless
in its context, the term’s definition should be taken from a
standard dictionary.

The use of numerical values in the various ranges specified
herein, unless otherwise expressly indicated otherwise, are
considered to be approximations as though the minimum and
maximum values within the stated ranges were both preceded
by the word “about”. In this manner, slight variations above
and below the stated ranges can be used to achieve substan-
tially the same results as the values within the ranges. In
addition, the disclosure of these ranges is intended as a con-
tinuous range including every value between the minimum
and maximum values.

29 4¢

As used herein, the terms “over,” “above,” and “under” and
other similar terms, with respect to layers in the devices of this
invention, refer to the order of the layers, wherein the organic
thin film layer is above the gate electrode, but do not neces-
sarily indicate that the layers are immediately adjacent or that
there are no intermediate layers.

Unless otherwise noted in this application, the term “com-
posite” refers to an organic polymeric multi-metallic alkox-
ide or aryloxide composite used in the devices of this inven-
tion.

Moreover, unless otherwise indicated, percentages refer to
percents by total dry weight, for example, weight % based on
total solids of either a layer or formulation used to make a
layer. Unless otherwise indicated, the percentages can be the
same for either the dry layer or the total solids of the formu-
lation used to make that layer.

For clarification of definitions for any terms relating to
polymers, reference should be made to “Glossary of Basic
Terms in Polymer Science” as published by the International
Union of Pure and Applied Chemistry (“IUPAC”), Pure Appl.
Chem. 68, 2287-2311 (1996). However, any definitions
explicitly set forth herein should be regarded as controlling.
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The term “polymer” refers to high and low molecular
weight polymers including oligomers and includes
homopolymers and copolymers. The term “copolymer”
refers to polymers that are derived from two or more different
monomers.

The term “backbone” refers to the chain of atoms (carbon
or heteroatoms) in a polymer to which a plurality of pendant
groups are attached. One example of such a backbone is an
“all carbon” backbone obtained from the polymerization of
one or more ethylenically unsaturated polymerizable mono-
mers. However, other backbones can include heteroatoms
wherein the polymer is formed by a condensation reaction or
some other means.

Periodic Table refers to the well known chemical arrange-
ment of chemical elements.

The above described features and advantages of the present
invention will become more apparent when taken in conjunc-
tion with the following description and drawings wherein
identical reference numerals have been used, where possible,
to designate identical or analogous features that are common
to the Figures.

Organic Polymeric Multi-Metallic Alkoxide/Aryloxide
Composites

The composites used in this invention comprise one or
more organic polymers, each of which comprises metal coor-
dination sites for the metals described below. Such coordina-
tion sites include but are not limited to, inorganic and organic
groups that are generally pendant to the organic backbone of
the polymers. Examples of inorganic groups include but are
not limited to, siloxane and phosphoric esters. Examples of
organic groups include but not limited to, amines, pyridines,
alkoxy, carbonyls, esters, ethers, carboxylic acids, and aro-
matic groups that are pendant to the organic polymer back-
bone or within the backbone itself. A given organic polymer
can have more than one type of metal coordination site. Par-
ticularly useful metal coordination sites are esters, ethers,
carbonyl, and pyridine groups.

Usetul classes of organic polymers with metal coordina-
tion sites include but are not limited to, polystyrenes includ-
ing halogenated polystyrenes, hydroxylated polystyrenes and
other organic polymers derived from styrene derivatives,
organic polymers derived from one or more of (meth)acrylic
acid, (meth)acrylamide, alkyl (meth)acrylates, propylene
oxide, and other ethylenically unsaturated polymerizable
monomers that a skilled artisan would be able to choose. For
example, poly(methyl methacrylate) (PMMA) and organic
copolymers derived from methyl methacrylate are particu-
larly useful. Other organic polymers that are useful include
but not limited to, aliphatic polycarbonates such as polypro-
pylene carbonate) and poly(ethylene carbonate), polyesters,
polyimides, polyamides, polysulfones, polylactides, polylac-
tones, poly(arylene ethers), polyphenylenes, poly(phenyl
quinoxalines), poly(vinyl alcohol), poly(vinyl acetate), poly
(methyl methacrylate), poly(vinyl phenol), poly(vinyl cin-
namate), poly (2-vinyl pyridine), and poly (4-vinyl pyridine).
Still other useful organic polymers are poly(styrene-co-al-
pha-methyl styrene) and poly(styrene-cthylene oxide).

Such useful organic polymers can be obtained from various
commercial sources or they are readily prepared by polymer
chemists using readily available reaction materials and
known polymerization conditions.
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Other useful polymers comprising metal coordination sites
comprise Structure (A) recurring units as follows:

)
— X4

(G
I

Rr!

wherein X represents the organic backbone unit, for example,
a carbon-carbon single bond unit that can be unsubstituted or
further substituted with one or more halo atoms or alkyl
groups having 1 to 3 carbon atoms. In addition, X can repre-
sent the repeating unit of a polyester, polyamide, polyure-
thane, polyimide, polyaryleneoxide, polysulfone, polyether,
polyetherketone, or vinyl polymer.

In Structure (A), n is 0 or 1, and in many embodiments of
vinyl polymers, nis 1.

G is a substituted or unsubstituted divalent organic linking
group that can have least one oxygen, sulfur, or nitrogen
heteroatom in the organic linking group chain. For example,
useful G groups include but are not limited to, carbonyloxy
[—C(=0)—0—], sulfonyloxy [—SO,—0O—], oxy dioxy
(—O0—0—) thio (—S—), dithio (—S—S—), seleno
(—Se—), sulfonyl sulfonyl (—SO,—), carbonamido [—C
(—0)—NH—], sulfonamide [—SO,—NH—], substituted
or unsubstituted arylene (such as substituted or unsubstituted
phenylene), substituted or unsubstituted cycloalkylene hav-
ing 5 to 8 carbon atoms in the chain (such as pentylene,
1,3-hexylene, 1,4-hexylene, and 3-methyl-1,4-hexylene),
imido (—NH—), vinylene-carbonyloxy [—CR—CR'—C
(=0)—0—] wherein R and R' are independent hydrogen,
methyl, or ethyl, acetylimino [CH,C(—0O)—N<], alkylen-
ecarbonyloxy [for example, —CH—CH—CH,—C(—0)—
O—1, alkyleneimino (for example, —CH,—NH—), alkyle-
necarbonyloxy [for example, —CH,—C(—0)—0—],
benzylene, carbonyldioxy [—O—C(—0)—0—], diazo
[—N—N—], and ureylene [ —NH—C(—O)—NH—]. Com-
binations of two or more of these listed groups can be used to
form a G divalent linking except that oxyarylene groups are
excluded. Where chemically possible, any of these groups
can be substituted as long as the organic film-forming poly-
mer properties are not adversely affected. The carbonyloxy
and substituted or unsubstituted phenylene groups are par-
ticularly useful. For any of these groups that can be substi-
tuted, suitable substituents include but are not limited to alkyl
groups, alkoxy groups, hydroxy groups, carboxy groups,
sulfo groups, halo groups, and other substituents, and a
skilled worker would know which substituents would be pos-
sible so that the dielectric properties of the organic polymeric
multi-metallic alkoxide or aryloxide are not adversely
affected.

In some embodiments of Structure (A) recurring units, n is
Oor 1 andwhennis 1, Gis a carbonyloxy group, amide group,
substituted or unsubstituted phenylene group, oxy group, or
thio group.

In Structure (A), R* is a substituted or unsubstituted ali-
phatic group having at least 6 carbon atoms including but not
limited to, substituted or unsubstituted, and linear or cyclic
monovalent hydrocarbons. Useful monovalent hydrocarbon
groups can be saturated or unsaturated but saturated hydro-
carbon groups are particularly useful. In addition, the useful
R! monovalent hydrocarbon groups can have at least 12 car-
bon atoms and up to and including 40 carbon atoms, or
typically at least 18 carbon atoms and up to and including 30



US 8,779,415 B2

11

carbon atoms in the linear or cyclic group. Linear long-chain
alkyl groups, having at least 12 carbon atoms and up to and
including 30 carbon atoms in the chain, are particularly use-
ful.

Some particularly useful ethylenically unsaturated poly-
merizable monomers that can be used to provide recurring
units that are represented by Structure (A) and that can be
used to prepare organic film-forming polymers of this inven-
tion include but are not limited to, hexyl methacrylate, heptyl
methacrylate, octyl methacrylate, octadecyl methacrylate,
decyl methacrylate, hexadecyl methacrylate, dodecyl meth-
acrylate, cyclohexyl methacrylate, cyclooctyl methacrylate,
4-octylphenyl methacrylate, docosonyl methacrylate, 2-oc-
tyl-1-dodecanyl methacrylate, 4-octylcyclohexyl methacry-
late, 2-ethylhexyl methacrylate, eicosanyl methacrylate, and
corresponding acrylates.

Since these organic polymers can have only up to 25 mol %
of recurring units defined by Structure (A), and the remainder
of the polymer backbone can have any suitable “additional”
recurring units, generally in random order with each other and
with the Structure (A) recurring units. These additional recur-
ring units are different than the recurring units defined by
Structure (A), in some respect, for example in different link-
ing groups or side chains. In particular, the organic polymers
can have at least 75 mol % and up to 99.5 mol %, or typically
at least 80 mol % and up to and including 95 mol %, of these
additional recurring units in the backbone, based on the total
moles of recurring units in the polymer backbone. Such addi-
tional recurring units can be derived, for example, from eth-
ylenically unsaturated polymerizable monomers, which
monomers can be substituted or unsubstituted. Thus, poly-
merizable olefins can be used to provide the additional recur-
ring units.

More generally, useful additional recurring units can be
defined as those that, when present as the only recurring units
in a homopolymer, this homopolymer should have a glass
transition temperature (T,) at least 100° C. and up to any
temperature that is a practical limit so that the resulting
organic polymers have the desired dielectric properties in the
devices of this invention. This “homopolymer T, feature” can
be determined using DSC.

The additional recurring units need not be the same
throughout the polymer backbone. For example, multiple
different recurring units represented by Structure (B) below
can be present along the backbone of a particular organic
polymer.

In many embodiments, the additional recurring units can
be represented by the following Structure (B):

®)
—tX'4—
(©n
|

Rr2

wherein X' is an organic backbone unit that is different than
the X organic backbone unit, and it will be define primarily by
the type of polymer, whether vinyl polymer, condensation
polymer, or other type of polymer.

(' is a divalent organic linking group such as those used in
the definition of G except that oxyarylene groups are not
excluded for G'. The G and G' groups in a given organic
film-forming polymer can be the same or different and for
example, in many embodiments G and G' are the same diva-
lent organic linking groups. In some embodiments, at least
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one of G and (' is a carbonyloxy group, and in other embodi-
ments, both G and G' are carbonyloxy groups.

In Structure (B), mis 0 or 1, and in many embodiments, m
is 1.

R? canrepresent any aliphatic, aromatic, alicyclic, or cyclic
group that would be readily apparent to one skilled in the art
as long as the “homopolymer” T, feature described above is
met for the given recurring unit, and generally R* and R" are
different groups. In many embodiments, R? is a substituted or
unsubstituted, linear or branched, hydrocarbon such as linear
or cyclic hydrocarbon groups having 1 to 40 carbon atoms
including but not limited to alkyl groups, adamantyl and
diadamantyl groups, and carbocyclic aromatic groups.

Some particularly useful ethylenically unsaturated poly-
merizable monomers that can be used to provide recurring
units represented by Structure (B) include but not limited to,
1-diadamantyl methacrylate, 1-adamantyl methacrylate,
methyl methacrylate, n-butyl methacrylate, t-butyl methacry-
late, n-butyl acrylate, phenyl methacrylate, 2-phenylethyl
methacrylate, 1-diadamantyl acrylate, 1-adamantyl acrylate,
styrene, 4-methylstyrene, norbornyl methacrylate, 4-t-butyl-
styrene, 2-vinyl naphthalene, 1-vinyl naphthalene, and 4-vi-
nyl biphenyl.

The organic polymers defined by Structure (A) and option-
ally Structures (A) and (B) together can be prepared using
conventional free radical polymerization techniques with the
appropriate starting materials (for example, ethylenically
unsaturated polymerizable monomers) and polymerization
initiators. Similarly, living free radical polymerization tech-
niques such as atom transfer radical polymerization (ATRP),
nitroxide-mediated polymerization (NMP), or reversible
addition-fragmentation chain transfer (RAFT) polymeriza-
tion can be used. Other organic polymers useful in the prac-
tice of this invention can be prepared using condensation
polymerization techniques with the appropriate starting
materials (for example diols and diacids for polyesters). A
skilled worker in polymer chemistry would be able to use the
description in this application as guidance to prepare any of
the organic polymers useful for practice in this invention.

The most useful organic polymers for preparing the com-
posites of this invention are poly(meth)acrylates (both
homopolymers and copolymers derived from (meth)acrylate
monomers), polyesters, and poly(vinyl pyridines) (both
homopolymers and copolymers derived from vinyl pyridines.

The organic polymeric multi-metallic alkoxide or arylox-
ide also includes multi-metallic alkoxide or aryloxide mol-
ecules that are coordinated with the organic polymer. These
multi-metallic alkoxide or aryloxide molecules are repre-
sented by:

(M),(OR),

wherein at least one M is a metal selected from Group 2 of the
Periodic Table and at least one other M is a metal selected
from any of Groups 3 to 12 and Rows 4 and 5 of the Periodic
Table.

Thus, each composite used in the practice of this invention
includes one or more molecules selected from at least two
different metals. One or more “first” M metals are selected
from Group 2 of the Periodic Table including but not limited
to, barium, strontium, or calcium, or a combination thereof
(two or more of the metals). Barium and strontium are par-
ticularly useful Group 2 metals.

The composite also comprises one or more “second” M
metals are selected from Group 3 to Group 12 metals in Rows
4 and 5 of the Periodic Table. Particularly useful second M
metals include but are not limited to, titanium, zirconium,
nickel, copper, zinc, palladium, silver, lanthanum, and com-
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binations thereof (two or more metals). Titanium, zirconium,
and zinc (or combinations thereof) are particularly useful
metals of this type.

Particularly useful combinations of metals to provide the
desired metal alkoxides and metal aryloxides include but are
not limited to, barium with titanium, barium with zirconium,
strontium with titanium, strontium with zirconium, barium
and titanium with zirconium, and barium and strontium with
titanium.

In addition, the molar ratio of the one or more M metals
selected from Group 2 of the Periodic Table to the one or more
M metals selected from any of Groups 3 to 12 of the Periodic
Table, in the organic polymeric multi-metallic alkoxide or
aryloxide, can be at least 0.5:1 to and including 10:1, or at
least 2:1 to and including 1:1.

In the noted structure for the composite, n is an integer of at
least 2 and can be at least 2 and up to and including 4.

The composite also includes at least two R groups, which
can be the same or different substituted or unsubstituted alkyl
groups or substituted or unsubstituted aryl groups. Thus, x is
an integer of at least 2 and can be at least 2 and up to and
including 4.

The useful substituted or unsubstituted alkyl groups can be
linear or branched, cyclic or acyclic, and comprise at least 1 to
and including 24 carbon atoms, and typically at least 1 to and
including 8 carbon atoms. Representative substituted or
unsubstituted alkyl groups include but are not limited to
methyl, ethyl, n-propyl, isopropyl, t-butyl, n-hexyl, cyclopen-
tyl, and cyclohexyl. Other particularly useful alkyl groups are
substituted or unsubstituted alkyl ethers of ethylene and
diethylene glycols including alkyl ethers such as monomethyl
ether, monoethyl ether, monopropyl ether, monoisopropyl
ether, monobutyl ether, monopheny! ether, and monobenzyl
ether. Esters of ethylene glycol and diethylene glycol are also
useful in present invention. As noted above, the R groups in
the composite can include two or more different substituted or
unsubstituted alkyl groups such as a combination of alkyl
groups and alkyl ether groups.

Useful substituted or unsubstituted aryl groups in the com-
posite include substituted or unsubstituted carbocyclic aro-
matic groups having 6 or 10 carbon atoms in the aromatic
ring, such as substituted or unsubstituted phenyl, naphthyl,
4-methylphenyl, phenol, 2-methoxyphenol, monophenyl
ether, monobenzyl ether, and similar groups.

In particularly useful organic polymeric multi-metallic
alkoxide or aryloxide composites, the alkyloxide comprises
one or more substituted or unsubstituted alkyl groups having
1 to 24 carbon atoms, or the aryloxide comprises one or more
substituted or unsubstituted phenyl groups. Other useful
embodiments include both a substituted or unsubstituted
alkyl group and a substituted or unsubstituted aryl group.

The organic polymeric multi-metallic alkoxide or arylox-
ide composites useful in the practice of the present invention
can be prepared in any suitable manner, but a particularly
useful synthetic method comprises:

mixing a non-aqueous solution of a suitable organic poly-
mer (or a mixture of organic polymers) comprising metal
coordination sites with one or more multi-metallic alkoxides
or aryloxides in a suitable organic solvent for a suitable time
and temperature, and

removing the organic solvent, in a suitable manner such as
evaporation or other drying means.

For example, the mixing of the organic polymer(s) and
multi-metallic alkoxide or aryloxide can be carried out at a
temperature of at least 30° C. and up to and including 100° C.
In particular, the mixing can be carried out at a temperature of
at least 30° C. to and including 60° C.
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The mixing of the reactants can be carried out for at least 10
minutes and up to and including 24 hours, usually with stir-
ring or mechanical mixing. Suitable reaction conditions are
provided below in the Syntheses before the Invention
Examples.

In some embodiments, the organic polymeric multi-metal-
lic alkoxide or aryloxide can be made in the form of a solid
film.

In particular embodiments, the organic polymeric multi-
metallic alkoxide or aryloxide composite comprises:

an organic polymer comprising metal coordination sites,
and

multi-metallic alkoxide or aryloxide molecules that are
coordinated with the organic polymer, the multi-metallic
alkoxide or aryloxide molecules being represented by:

(M),(OR),

wherein:

the organic polymer comprising metal coordination sites is
a poly(meth)acrylate, polyester, or poly(vinyl pyridine),

the molar ratio of the M metal selected from Group 2 of the
Periodic Table to the M metal selected from any of Groups 3
to 12 of the Periodic Table, is at least 2:1 to and including 1:1,

wherein the M metal selected from Group 2 of the Periodic
Table is barium, strontium, or calcium, or a combination
thereof,

the M metal selected from any of Groups 3 to 12 and Rows
4 and 5 of the Periodic Table is titanium, zirconium, nickel,
copper, zinc, palladium, silver, lanthanum, or a combination
thereof,

the alkoxide comprises a substituted or unsubstituted alkyl
group having 1 to 8 carbon atoms, and the aryloxide com-
prises a substituted or unsubstituted phenyl, and

n is an integer of at least 2 to and including 4, and x is an
integer of at least 2 to and including 4.

Electronic Devices

The present invention provides a method of making an
OFET, the method comprising:

providing a substrate,

forming a gate electrode on the substrate,

forming a composite gate dielectric (according to the
present invention) on the gate electrode by applying inventive
organic polymeric multi-metallic alkoxide or aryloxide com-
posite (having a thickness less than 1 um) interposed between
the gate electrode and an organic semiconductor layer,

depositing an organic semiconductor layer adjacent to the
polymer composite layer, and

depositing a source electrode and a drain electrode con-
tiguous to the organic semiconductor layer.

Any organic polymeric multi-metallic alkoxide or arylox-
ide described herein can be used to prepare the gate dielectric
layer in the OFET’s of the invention, or a combination of two
or more of such composites can be used. An integrated circuit
comprising a plurality of OFET’s is also provided by the
present invention.

Any known thin film transistor or field effect transistor
configuration is possible with the invention. For example, the
source and drain electrodes may be adjacent to the gate
dielectric with the organic semiconductor layer over the
source and drain electrodes, or the organic semiconductor
layer may be interposed between the source and drain elec-
trodes and the gate dielectric. In each option, the invention
provides a composite dielectric layer between the organic
semiconductor layer and the gate dielectric.

Each organic field effect transistor (OFET) illustrated in
FIGS. 1a-1d contains source electrode 40, drain electrode 50,
gate electrode 60, gate dielectric 20, substrate 10, and semi-
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conductor organic layer 30 in the form of a film connecting
source electrode 40 to drain electrode 50, which organic
semiconductor layer comprises a compound as described
below. When the OFET operates in an accumulation mode,
the charges injected from source electrode 40 into the organic
semiconductor layer 30 are mobile and a current flows from
source 40 to drain 50, mainly in a thin channel region within
about 100 Angstroms of the semiconductor-dielectric inter-
face. In the configuration of FIG. 1a, the charge need only be
injected laterally from source electrode 40 to form the chan-
nel. In the configuration of FIG. 15, the charge is injected
vertically for source electrode 40 into organic semiconductor
layer 30 to form the channel. In the absence of a gate field, the
channel ideally has few charge carriers and as a result there is
ideally no source-drain conduction.

The off current is defined as the current flowing between
source electrode 40 and drain electrode 50 when charge has
not been intentionally injected into the channel by the appli-
cation of a gate voltage. For an accumulation-mode TFT, this
occurs for a gate-source voltage more negative, assuming an
n-channel, than a certain voltage known as the threshold
voltage. The “on” current is defined as the current flowing
between source electrode 40 and drain electrode 50 when
charge carriers have been accumulated intentionally in the
channel by application of an appropriate voltage to gate elec-
trode 60, and the channel is conducting. For an n-channel
accumulation-mode TFT, this occurs at gate-source voltage
more positive than the threshold voltage. It is desirable for
this threshold voltage to be zero or slightly positive for
n-channel operation. Switching between on and off is accom-
plished by the application and removal of an electric field
from gate electrode 60 across gate dielectric 20 to the semi-
conductor-dielectric interface, effectively charging a capaci-
tor.

In accordance with the present invention, the organic poly-
meric composites can be used to provide dielectric layers
(also known as gate dielectrics or gate insulator layers) in the
devices described herein, to improve electrical properties,
without the need for additional surface treatment or coating
another layer on the surface to which the composite formu-
lations are applied.

For example, a gate dielectric or gate insulator layer can be
prepared by:

depositing on or applying to a suitable substrate, a liquid
formulation can consists essentially of one or more compos-
ites described herein and optionally one or more suitable
solvents, and

removing any solvent from the applied liquid layer to form
a solid gate dielectric or gate insulator layer. This process is
described in more detail below.

The devices of this invention can comprise the composite
dielectric materials described herein and such devices can be
electronic device including but not limited to, organic field
effect transistors (OFET’s), optical devices such as organic
light emitting diodes (OLED’s), photodetectors, sensors,
logic circuits, memory elements, capacitors, and photovoltaic
(PV) cells. Particularly useful electronic devices are OFET’s
that are described in more detail below. However, just because
other devices are not described in detail, it is not contemplated
that the present invention is useful only as OFET’s. A skilled
artisan in the various arts would know how to use the poly-
meric dielectric materials described herein for those other
types of devices.

Thus, the present invention also provides a method for the
production of an organic polymeric multi-metallic alkoxide
or aryloxide composite dielectric layer and electronic devices
incorporating such components. In one embodiment, a suit-
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able substrate is provided and a solution or dispersion of the
composite of the present invention is applied to the substrate
and dried, and suitable electrical contacts are made with the
layer. The particular method to be used can be determined by
the structure of the desired semiconductor component. In the
production of an organic field effect transistor, for example, a
gate electrode can be first deposited on a flexible substrate, a
solution or dispersion of composite of this invention can then
be applied on it to form a dielectric layer, and then source and
drain electrodes and a layer of a suitable semiconductor mate-
rial can be applied on top of the dielectric layer.

The structure of such a transistor and hence the sequence of
its production can be varied in the customary manner known
to a person skilled in the art. Thus, alternatively in another
embodiment, a gate electrode can be formed first, followed by
a gate polymer dielectric of the composite of this invention,
then the organic semiconductor layer can be formed, and
finally the contacts for the source electrode and drain elec-
trode can be formed on the organic semiconducting layer.

A third embodiment can have the source and drain elec-
trodes formed first, then the organic semiconductor layer can
be formed, followed by forming the dielectric layer, and a
gate electrode can be formed on the dielectric layer.

A skilled artisan would recognize that other useful struc-
tures can be constructed or intermediate surface moditying
layers can be interposed between the above-described com-
ponents of the thin film transistor. In most embodiments, a
field effect transistor comprises the organic polymeric multi-
metallic alkoxide or aryloxide composite dielectric layer, a
gate electrode, a organic semiconductor layer, a source elec-
trode, and a drain electrode, wherein the composite dielectric
layer, the gate electrode, the organic semiconductor layer, the
source electrode, and the drain electrode are arranged in any
sequence as long as the gate electrode, and the organic semi-
conductor layer both contact the organic polymeric multi-
metallic alkoxide or aryloxide composite dielectric layer, and
the source electrode and the drain electrode both contact the
organic semiconductor layer.

Substrate

A substrate (also known as a support) can be used for
supporting the OFET or other device of this invention during
manufacturing, testing, or use. A skilled artisan would appre-
ciate that a substrate that is selected for commercial embodi-
ments can be different from a substrate that is selected for
testing or screening various embodiments. In other embodi-
ments, a temporary substrate can be detachably adhered or
mechanically affixed to another substrate. For example, a
flexible polymeric substrate can be adhered to a rigid glass
substrate that can be removed.

In some embodiments, the substrate does not provide any
necessary electrical function (such as electrical conductivity)
for the device such as an organic field effect transistor. This
type of support is considered a “non-participating support”.

Useful substrate materials include both organic and inor-
ganic materials including but not limited to, inorganic
glasses, silicon wafer, ceramic foils, polymeric films, filled
polymeric materials, coated metallic foils, acrylics, epoxies,
polyamides, polycarbonates, polyimides, polyketones, poly
(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-phe-
nylene) [sometimes referred to as poly(ether ether ketone) or
PEEK], polynorbornenes, polyphenyleneoxides, poly(ethyl-
ene naphthalenedicarboxylate) (PEN), poly(ethylene tereph-
thalate) (PET), poly(phenylene sulfide) (PPS), and fiber-re-
inforced plastics (FRP).

A flexible substrate can be used in some embodiments to
allow for roll processing, which can be a continuous process,
and providing economy of scale and manufacturing com-
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pared to flat or rigid supports. The flexible substrate can be
designed to be wrapped around the circumference of a cylin-
der of less than 50 cm in diameter, or typically less than 25 cm
in diameter, without distorting or breaking, using low force. A
flexible substrate can be rolled upon itself.

In some devices of the present invention, a substrate is
optional. For example, in a top construction as illustrated in
FIG. 15, when the gate electrode or gate dielectric provides
sufficient support for the intended use of the resultant TFT, a
substrate is not needed. In addition, the substrate can be
combined with a temporary support in which the support is
detachably adhered or mechanically affixed to the substrate,
such as when the support is desired for a temporary purpose,
for example, for manufacturing, testing, transport, or storage.
Thus, a flexible polymeric temporary support can be adhered
to arigid glass substrate, which flexible polymeric temporary
support could be removed at an appropriate time.

Gate Electrode

The gate electrode for the OFET’s of this invention can be
composed of any useful conductive material. A variety of
useful gate materials include but are not limited to, metals,
degenerately doped semiconductors, conducting polymers,
and printable materials such as carbon ink or a silver-epoxy.
For example, the gate electrode can comprise doped silicon,
or a metal such as aluminum, chromium, gold, silver, nickel,
palladium, platinum, tantalum, or titanium, or mixtures
thereof. Conductive polymers also can be used, including but
not limited to, polyaniline, polypyrrole, and poly(3,4-ethyl-
enedioxythiophene)/poly(styrene sulfonate) (PEDOT:PSS).
In addition, alloys, combinations, and multilayers of these
materials can be used in the gate electrode.

In some embodiments of the present invention, the same
material can provide the gate electrode function and also
provide a supporting (substrate) function. For example,
doped silicon can function as the gate electrode and the sub-
strate for an OFET.

Gate Dielectric

The gate dielectric is provided on a gate electrode to elec-
trically insulate the gate electrode from the rest of the elec-
tronic device (such as an OFET device). The gate dielectric is
provided as a separate layer comprising one or more of the
organic polymeric multi-metallic alkoxide or aryloxide com-
posites of this invention. In most embodiments, the dielectric
layer consists essentially of one of more of these composites
with only non-essential materials as additional components.
In yet other embodiments, the dielectric layer consists only of
one or more of the composites.

The gate dielectric layers used in this invention exhibit a
suitable dielectric constant that does not vary significantly
with frequency. The gate dielectric layer can have a resistivity
of at least 10'* ohm-cm for OFET devices.

In some embodiments, the organic polymeric multi-metal-
lic alkoxide or aryloxide composite gate dielectric described
herein can possess one or more of the following characteris-
tics: coatability out of solution, crosslinkable, photo-pattern-
able, high thermal stability (for example, stable up to a tem-
perature of at least 250° C.), low processing temperatures (for
example, less than 150° C., or less than 100° C.), and com-
patibility with flexible substrates.

For OFET’s for example, the dielectric layer generally has
a dry thickness of at least 3,500 Angstroms (A) and up to and
including 15,000 Angstroms (A), or typically up to and
including 10,000 A, or atleast 5,000 A. The dry thickness can
be determined using known methods such as ellipsometry and
profilometry. For embedded capacitors and printed circuit
board applications, the dry dielectric layer thickness can
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include those described above for OFET’s, but can also be at
least 10 um or at least 20 pm and up to and including 50 pm.
Source and Drain Electrodes

The source electrode and drain electrode are separated
from a gate electrode by the gate dielectric while the organic
semiconductor layer can be over or under the source electrode
and drain electrode. The source and drain electrodes can be
composed of any useful conductive material including but not
limited to, those materials described above for the gate elec-
trode, for example, aluminum, barium, calcium, chromium,
gold, silver, nickel, palladium, platinum, titanium, polya-
niline, PEDOT:PSS, graphene, reduced graphene oxide
(r-GO), composites of graphene, composites of reduced
graphene oxide, other conducting polymers, composites
thereof, alloys thereof, combinations thereof, and multilayers
thereof.

The thin film electrodes (for example, gate electrode,
source electrode, and drain electrode) can be provided by any
useful means such as physical vapor deposition (for example,
thermal evaporation, sputtering), microcontact printing, or
ink jet printing. The patterning of these electrodes can be
accomplished by known methods such as shadow masking,
additive photolithography, subtractive photolithography,
printing, microcontact printing, and pattern coating.

The organic semiconductor layer can be provided over or
under the source and drain electrodes, as described above in
reference to the thin film transistor article.

Useful materials that can be formed into n-type or p-type
organic semiconductor layers are numerous and described in
various publications. For example, useful semiconductor
materials can be prepared using poly(3-hexylthiophene)
(P3HT) and its derivatives, the tetracarboxylic diimide naph-
thalene-based compounds described in U.S. Pat. No. 7,422,
777 (Shukla et al.), the N,N'-diaryl-substituted 1,4,5,8-naph-
thalene tetracarboxylic acid diimides having electron
withdrawing groups as described in U.S. Pat. No. 7,629,605
(Shukla et al.), N,N'-1,4,5,8-naphthalene tetracarboxylic acid
diimides having fluoroalkyl-substituted cycloalkyl groups as
described in U.S. Pat. No. 7,649,199 (Shukla et al.), hetero-
pyrenes in p-type semiconductors as described in U.S. Pat.
No. 7,781,076 (Shukla et al.), cyclohexyl-substituted naph-
thalene tetracarboxylic acid diimides as described in U.S. Pat.
No. 7,804,087 (Shukla et al.), heterocyclyl-substituted naph-
thalene tetracarboxylic acid diimides as described in U.S. Pat.
No. 7,858,970 (Shukla et al.), and N,N'-arylalkyl-substituted
naphthalene-based tetracarboxylic acid diimides as described
in U.S. Pat. No. 7,981,719 (Shukla et al.). All of the publica-
tions noted in this paragraph are incorporated herein by ref-
erence.

The present invention also provides integrated circuits that
can comprise a plurality of OFET’s prepared according to this
invention.

Processing

Organic polymeric multi-metallic alkoxide or aryloxide
dielectric layers described herein can be readily processed
and are thermally and chemically stable to hot or cold organic
solvents. Such composite dielectric layer(s) in the gate dielec-
tric can be deposited by spin coating, ink jetting, or blade
coating. The entire process of making the thin film transistors
or integrated circuits of the present invention can be carried
out below a maximum support temperature of generally 450°
C. or less, or typically at 250° C. or less, or even at 150° C. or
less. The temperature selection generally depends on the sub-
strate and processing parameters chosen for the given device,
once a skilled artisan has the knowledge contained herein.
These temperatures are well below traditional integrated cir-
cuit and semiconductor processing temperatures, which
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enables the use of any of a variety of relatively inexpensive
supports, such as flexible polymeric supports. Thus, the
present invention enables the production of relatively inex-
pensive integrated circuits containing organic thin film tran-
sistors (OFET’s) with significantly improved performance.

In the embodiments where materials of semiconductor lay-
ers are soluble in coating solvents, both the organic semicon-
ductor layer and the composite gate dielectric layer can be
deposited from solution, making the coating of large areas
less difficult.

In one embodiment, an OFET structure illustrated in FIG.
laisprepared by spin coating an organic semiconductor layer
onto a dielectric layer prepared according to this invention,
which has pre-patterned source and drain electrodes. In
another embodiment, an OFET structure illustrated in FIG. 1¢
is prepared by spin coating an organic semiconductor layer
onto the substrate with pre-patterned source and drain elec-
trodes. Then, an organic polymeric multi-metallic alkoxide or
aryloxide composite prepared according to this invention is
spin coated onto the organic semiconductor layer followed by
the deposition of the gate electrode by vacuum deposition or
liquid deposition of a conductive metal or metal dispersion,
respectively.

Electronic devices in which OFET’s and other devices are
useful include, for example, more complex circuits such as
shift registers, integrated circuits, logic circuits, smart cards,
memory devices, radio-frequency identification tags, back-
planes for active matrix displays, active-matrix displays (for
example liquid crystal or OLED), solar cells, ring oscillators,
and complementary circuits, such as inverter circuits. In an
active matrix display, a thin film transistor of the present
invention can be used as part of voltage hold circuitry of a
pixel of the display. In devices containing OFET’s, the
OFET’s are operatively connected by means known in the art.

The present invention further provides a method of making
any of the electronic devices described above. Thus, the
present invention is embodied in an article that comprises one
or more of the described thin film transistors. For example,
electronic devices of this invention can be integrated circuits,
active-matrix displays, and solar cells comprising a multiplic-
ity of thin-film transistors. In some embodiments, the multi-
plicity of the thin-film transistors is on a non-participating
support that is optionally flexible. The present invention also
can be used to prepare an integrated circuit comprising a
plurality of thin-film transistors.

The present invention provides at least the following
embodiments and combinations thereof, but other combina-
tions of features are considered to be within the present inven-
tion as a skilled artisan would appreciate from the teaching of
this disclosure:

1. A device comprising a single dielectric layer consisting
essentially of an organic polymeric multi-metallic alkoxide
or aryloxide composite, comprising:

an organic polymer comprising metal coordination sites,
and

multi-metallic alkoxide or aryloxide molecules that are
coordinated with the organic polymer, the multi-metallic
alkoxide or aryloxide molecules being represented by:

(M),(OR),

wherein at least one M is a metal selected from Group 2 of the
Periodic Table and at least one other M is a metal selected
from any of Groups 3 to 12 and Rows 4 and 5 of the Periodic
Table, n is an integer of at least 2, R represents the same or
different alkyl or aryl groups, and x is an integer of at least 2.
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2. The device of embodiment 1 further comprising an
organic semiconductor layer and the single dielectric layer in
physical contact with the organic semiconductor layer.

3. The device of embodiment 1 or 2, wherein the molar
ratio of the M metal selected from Group 2 of the Periodic
Table to the M metal selected from any of Groups 3 to 12 of
the Periodic Table, is at least 0.5:1 to and including 10:1.

4. The device of any of embodiments 1 to 3, wherein the M
metal selected from Group 2 of the Periodic Table is barium,
strontium, calcium, or a combination thereof.

5. The device of any of embodiments 1 to 4, wherein the M
metal selected from any of Groups 3 to 12 and Rows 4 and 5
of the Periodic Table is titanium, zirconium, nickel, copper,
zine, palladium, silver, or lanthanum, or a combination
thereof.

6. The device of any of embodiments 1 to 5, wherein the
alkoxide comprises a substituted or unsubstituted alkyl group
having 1 to 24 carbon atoms, and the aryloxide comprises a
substituted or unsubstituted phenyl group.

7. The device of any of embodiments 1 to 6, wherein n is an
integer of 2 to and including 4, and x is an integer of at least
2 to and including 4.

8. The device of any of embodiments 1 to 7, wherein the
organic polymeric multi-metallic alkoxide or aryloxide com-
posite comprises an organic polymer comprising metal coor-
dination sites that is a poly(meth)acrylate, polyester, or poly
(vinyl pyridine).

9. The device of any of embodiments 1 to 8, wherein the
organic polymeric multi-metallic alkoxide or aryloxide com-
posite comprises the M metal selected from Group 2 of the
Periodic Table that is barium, strontium, or calcium, or a
combination thereof, and the M metal selected from any of
Groups 3 to 12 and Rows 4 and 5 of the Periodic Table that is
titanium, zirconium, nickel, copper, zinc, palladium, silver,
lanthanum, or a combination thereof.

10. The device of any of embodiments 1 to 9, wherein the
organic polymeric multi-metallic alkoxide or aryloxide com-
posite comprises a substituted or unsubstituted alkyl group
having 1 to 24 carbon atoms, and the aryloxide comprises a
substituted or unsubstituted phenyl.

11. The device of any of embodiments 1 to 10 comprising
an n-type or p-type organic field effect thin film transistor
comprising an organic semiconductor layer and the single
dielectric layer.

12. The device of any of embodiments 1 to 11 that is a thin
film transistor that comprises a gate electrode, the dielectric
layer, an organic semiconductor layer, and source and drain
electrodes formed on a substrate.

13. The device of any of embodiment 12 wherein the sub-
strate is a glass substrate, silicon wafer, or a polymeric film.

14. A method for preparing a device of any of embodiments
1 to 13, the method comprising:

independently applying a dielectric composition and an
organic semiconductor composition to a substrate so that,
when dried, the applied dielectric composition forms a single
dielectric layer as defined in any of embodiments 1 to 14, that
is in physical contact with the applied organic semiconductor
composition.

15. The method of claim 14 comprising:

applying the organic polymeric multi-metallic alkoxide or
aryloxide composite in the organic solvent to the substrate
that is electrically conducting to form a gate dielectric layer,

removing the organic solvent from the coated gate dielec-
tric layer, applying the organic semiconductor composition to
the gate dielectric layer to form an organic semiconductor
layer, and
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forming one or more sets of electrically conductive source
and drain electrodes on the organic semiconductor layer.

16. A process for fabricating a thin-film semiconductor
device, comprising:

providing a substrate,

providing a gate electrode material over the substrate,

providing an organic film-forming polymer dielectric gate
layer over the gate electrode material,

depositing a thin film of an organic semiconductor mate-
rial, and

providing a source electrode and a drain electrode contigu-
ous to the thin-film of the organic semiconductor material,

wherein the organic film-forming polymer dielectric gate

layer is defined in any of embodiments 1 to 10.

17. The process of claim 16 wherein the substrate is a
flexible substrate.

The following Examples are provided to illustrate the prac-
tice of this invention and are not meant to be limiting in any
manner.

The bi-metallic alkoxides used in the following examples
were prepared by following the general method reported by
Nagao et al in Polymer Int. 60, 1180 (2011). Specific
examples are described below.

Bi-Metallic Synthesis 1: Synthesis of Barium Titanium
(Methoxyisopropanol)(BaTi(MIP))

Barium metal (5 g) was added to 2-methoxy isopropanol
(30 ml) and dissolved by heating under nitrogen for 2 hours.
After cooling, titanium isopropoxide (10.36 g) was slowly
added and reaction mixture was refluxed under nitrogen
atmosphere for 4-8 hours. The resulting solution of BaTi
(MIP)¢ in 2-methoxy isopropanol had 12.5 weight % of
barium was used as such to prepare organic polymeric multi-
metallic alkoxide composites of this invention.

Bi-Metallic Synthesis 2: Synthesis of Barium Titanium (Tri-
ethylene Glycol Ethyl Ether) (BaTi(TGEE),)

Barium metal (5.5 g) was added to a solution of titanium
isopropoxide (11.4 g) in triethylene glycol ethyl ether (52 m1)
and dissolved by heating under nitrogen for 24 hours. After
cooling, a dark yellow solution of BaTi(TGEE), having 8.67
weight % of barium in triethylene glycol ethyl ether was
obtained, which was then used as such to prepare organic
polymeric polymeric multi-metallic alkoxide composites of
this invention.

Bi-Metallic Synthesis 3: Synthesis of Strontium Titanium
(Methoxyisopropanol) (SrTi(MIP),)

Strontium (2.93 g) was added to 2-methoxy isopropanol
(30 ml) under an argon atmosphere and heated to reflux. After
approximately 4 hours, a clear yellow solution was obtained.
Titanium isopropoxide (9.5 g) was added to the reaction
mixture using a cannula and the reaction mixture refluxed for
3 hours. After cooling, a pale yellow solution of SrTi(MIP),,
which had 7.47 weight % of strontium in 2-methoxy isopro-
panol was obtained, which was then used as such to prepare
organic polymeric multi-metallic composites of this inven-
tion.

Bi-Metallic Synthesis 4: Synthesis of Barium Titanium (Di-
ethylene Glycol Monoethyl Ether),(BaTi(CARB),)

Barium (2.93 g) was added to diethylene glycol monoethyl
ether (30 ml) under argon atmosphere and heated to reflux.
After approximately 4 hours, a clear yellow solution was
obtained. Titanium isopropoxide (9.5 g) was added to the
reaction mixture and the reaction mixture refluxed for 3
hours. After cooling, a pale yellow solution of BaTi(CARB)
was obtained, which had 7.47 weight % of barium in dieth-
ylene glycol monoethyl ether, and was then used to prepare
organic polymeric multi-metallic composites of this inven-
tion.
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Polymer Synthesis 1: Polymerization of Methyl Methacrylate
(91%)(, Octadecyl Methacrylate (6%), and 2-Hydroxyethyl
Methacrylate (3%)

A mixture of methyl methacrylate (20.00 g, 199.8 mmol),
octadecyl methacrylate (1.38 g, 4.1 mmol), 2-hydroxyethyl
methacrylate (0.70 g, 5.3 mmol), 2,2'-azobis(2-methylbuty-
ronitrile) (0.10 g, 0.53 mmol), and chlorobenzene (30 ml) was
deaerated with argon for 5 minutes, and then heated under
argon in a 70° C. oil bath for 18 hours. The reaction mixture
was cooled to room temperature, and the resulting organic
polymeric multi-metallic alkoxide was precipitated into
excess methanol. The resulting white powder was collected,
washed with methanol, and air-dried. The product was re-
dissolved in dichloromethane and again precipitated into
excess methanol, collected, washed with methanol, and dried
in a vacuum oven at 60° C. for 24 hours. The product was
obtained as a white powder, 17.5 g (79%). Analysis by size
exclusion chromatography (SEC) indicated a weight average
molar mass of 153,000 (polystyrene standards). The glass
transition temperature was determined to be 112° C. by dif-
ferential scanning calorimetry (DSC).

Polymer Synthesis 2: Polymerization of Methyl Methacrylate
(93%), Octyl Methacrylate (4%), and 2-Hydroxyethyl Meth-
acrylate (3%)

The synthetic procedure of Polymer Synthesis 1 was fol-
lowed using methyl methacrylate (20.00 g, 199.8 mmol),
octyl methacrylate (0.872 g, 4.40 mmol), 2-hydroxyethyl
methacrylate (0.65 g, 4.99 mmol), 2,2'-azobis(2-methylbuty-
ronitrile) (0.10, 0.53 mmol), and chlorobenzene (30 ml). The
resulting organic polymeric multi-metallic alkoxide product
was obtained as a white powder, 16.4 g (77%). Analysis by
size exclusion chromatography (SEC) indicated a weight
average molar mass of 186,000 (polystyrene standards). The
glass transition temperature was determined to be 118° C. by
differential scanning calorimetry (DSC).

Polymer Synthesis 3: Polymerization of Methyl Methacrylate
(94%), Pentadecafluorooctyl Methacrylate (3%), and 2-Hy-
droxyethyl Methacrylate (3%)

The procedure of Polymer Synthesis 1 was followed using
methyl methacrylate (21.0 g, 209.8 mmol), pentadecafluo-
rooctyl methacrylate (0.67 g, 1.47 mmol), 2-hydroxyethyl
methacrylate (0.67 g, 5.13 mmol), 2,2'-azobis(2-methylbuty-
ronitrile) (0.10 g, 0.53 mmol), and chlorobenzene (30 ml).
The organic polymeric multi-metallic alkoxide product was
obtained as a white powder, 17.4 g (78%). Analysis by size
exclusion chromatography (SEC) indicated a weight average
molar mass of 199,000 (polystyrene standards). The glass
transition temperature was determined to be 124° C. by dif-
ferential scanning calorimetry (DSC).

Polymer Synthesis 4: Copolymerization of Methyl Methacry-
late (98%) with 2-Vinyl Pyridine (2%)

The procedure of Polymer Synthesis 1 was followed using
methyl methacrylate (20.0 g, 199.8 mmol), 2-vinyl pyridine
(0.44 g, 4.19 mmol), 2,2'-azobis(isobutyronitrile) (0.335 g,
2.04 mmol), and dimethyl formamide (75 ml). The polymeric
product was obtained as a white powder, 15.3 g (75%). Analy-
sis by size exclusion chromatography (SEC) indicated a
weight average molar mass of 40,400 (polystyrene stan-
dards). The glass transition temperature was determined to be
120° C. by differential scanning calorimetry (DSC).

Invention Example 1

Preparation of Poly(Methyl Methacrylate)(PMMA )-
BaTi(MIP),Composite

To a 10 ml solution of PMMA (20 weight %) in anisole, 2.5
ml solution of BaTi(MIP), prepared in Bi-Metallic Synthesis
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1 was added to obtain a PMMA-BaTi(MIP), composite mix-
ture that contained 8.5 weight % of barium. The resulting
mixture was diluted by addition of 10 ml of anisole followed
by addition of 2.3 ml of 2-methoxy isopropanol and 1.5 ml of
carbitol. The solution was mixed by stirring for 12 hours to
prepare the desired organic polymeric multi-metallic alkox-
ide composite.

Invention Example 2

Preparation of Poly(Methyl Methacrylate)
(PMMA)-BaTi(TGEE),Composite

To an 18 ml solution of PMMA (20 weight %) in anisole, a
3.5 ml solution of BaTi(TGEE), prepared in Bi-metallic Syn-
thesis 2 was added to obtain a PMMA-BaTi(TGEE), com-
posite mixture that contained 7.0 weight % of barium. The
mixture was stirred for 2 hours then diluted by addition of 19
ml anisole followed by 3 ml of carbitol. The solution was
mixed by stirring for additional 2 hours to provide the desired
organic polymeric multi-metallic alkoxide composite.

Invention Example 3

Preparation of Poly[Methyl Methacrylate-Co-(Octyl
Methacrylate-Co-(2-Hydroxyethyl Methacrylate)]-
BaTi(MIP), Composite

To a 10 ml solution of the polymer prepared in Polymer
Synthesis 2 (20 weight %) in anisole, 5.5 ml of anisole, 3.4 ml
of 2-methoxy isopropanol, and 0.4 ml of acetoxy acetone
were added. To this solution, 3.0 ml of the solution of BaTi
(MIP)¢ prepared in Bi-metallic Synthesis 1 was added to
obtain a polymer-BaTi(MIP), composite mixture that con-
tained 13 weight % of barium. The mixture was further
diluted with 12.3 ml of a 1:1 volume % solution of anisole/
2-methoxy isopropanol. The solution was mixed by stirring
for 12 hours to provide the desired organic polymeric multi-
metallic alkoxide composite.

Invention Example 4

Preparation of Poly(Methyl
Methacrylate-2-Vinylpyridine)
(PMMA-2VP)-BaTi(TGEE), Composite

To a 5.0 ml solution of PMMA-2VP copolymer (15 weight
%) in 1-methoxy-2-propanol (MIP), a 2.0 ml solution of
BaTi(TGEE), prepared in Bi-metallic Synthesis 2 was added
to obtain a PMMA-2VP-BaTi(TGEE), composite mixture
that contained 6.0 weight % of barium. The mixture was
stirred for 3 hours then diluted by addition of 1.0 ml of MIP.
The solution was mixed by stirring for additional 2 hours to
provide the desired organic polymeric multi-metallic alkox-
ide composite.

Invention Example 5

Coating of PMMA-BaTi(MIP), Composite

The organic polymeric multi-metallic alkoxide composite
prepared in Invention Example 1 was filtered through a What-
man 0.45 um glass microfiber filter into a clean glass vial or
container. A filtered solution of the organic polymeric multi-
metallic alkoxide composite was spun cast onto samples of a
heavily doped silicon wafer substrate for 10 seconds at 2000
rpm and the coating speed was increased over 30 seconds to
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4,000 rpm and then spun at this speed for 40 seconds. Each
coated doped silicon wafer was then placed onto a hot plate
and gradually heated from 50° C. to 120° C. over a period of
10 minutes. The temperature was then increased to 150° C.
and was held there for 10 minutes. Each coated sample was
gradually cooled to room temperature over a period of 20
minutes. The dry thickness of each organic polymeric multi-
metallic alkoxide composite layer was in the range of from
400 nm to 700 nm.

Invention Example 6
Coating of PMMA-BaTi(TGEE), Composite

The organic polymeric multi-metallic alkoxide composi-
tion prepared in Invention Example 2 was filtered through a
Whatman 0.45 pm glass microfiber filter into a clean glass
vial or container. A filtered solution of the organic polymeric
multi-metallic alkoxide composite was spun cast onto
samples of a heavily doped silicon wafer substrate for 10
seconds at 2000 rpm and the coating speed was increased over
30seconds to 4,000 rpm and spun at this speed for 40 seconds.
Each coated doped silicon wafer was then placed on a hot
plate and gradually heated from 50° C. to 120° C. over a
period of 10 minutes. Finally, the temperature was increased
to 150° C. and was held for 10 minutes. Each sample was
gradually cooled to room temperature over a period of 20
minutes. The dry thickness of each organic polymeric multi-
metallic alkoxide composite layer was in the range of from
400 nm to 700 nm.

Capacitance of each organic polymeric multi-metallic
alkoxide composite film was measured with an impedance
analyzer (Hewlett Packard 4192A) at a frequency of 10 kHz.
Each substrate was a heavily doped Si wafer. Silver layers
with an area of 5.21x1077 m” as upper electrodes were pat-
terned on the surface of each composite were deposited in
vacuum through a shadow mask. Dielectric constant of the
composite film was estimated from the capacitance of the
film, area of the silver-electrode and film thickness.

Invention Example 7
Dielectric Constant Evaluations

PMMA-BaTi(MIP), organic polymeric multi-metallic
alkoxide composites with varying amounts of BaTi(MIP),
were prepared as described in Invention Example 1 noted
above. The organic polymeric multi-metallic alkoxide com-
posite solutions were filtered through a Whatman 0.45 pm
glass and then spun cast onto sample of a heavily doped
silicon wafer substrate for 10 seconds at 2000 rpm and the
coating speed was increased over 30 seconds to 4,000 rpm
and spun at this speed for 40 seconds. Each coated doped
silicon wafer was then placed on a hot plate and gradually
heated from 50° C. to 120° C. over a period of 10 minutes.
Finally, the temperature was increased to 150° C. and was
held for 10 minutes. Each coated sample was gradually
cooled to room temperature over a period of 20 minutes. The
dry thickness of each organic polymeric multi-metallic
alkoxide composite layer was in the range of from 0.5 um to
1.5 um. Silver contacts were deposited through a shadow
mask on top of PMMA-BaTi(MIP), composites and the
capacitance measured for each sample. The dielectric con-
stant of each composite film was estimated from the capaci-
tance of the film, area of the silver-electrode, and dry com-
posite thickness. The results are shown below in TABLE 1.
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TABLE I

Weight % Barium Added as
BaTi(MIP)4 in PMMA

Dielectric Constant @ 10 kHz of
PMMA-BaTi(MIP)s Composite

0 3.1
12.6 3.55
19 3.7
22 3.84
42 4.76
88 10.6

It is clear from the data presented in TABLE I that the elec-
trical properties of PMMA are improved upon addition of
BaTi(MIP), in the resulting organic polymeric multi-metallic
alkoxide composite.

Invention Example 8
Preparation of OFET Devices
In order to test the electrical characteristics of the various
organic polymeric multi-metallic alkoxide composites, field-

effect transistors were typically made using the top-contact
geometry shown in FIG. 15. A heavily doped silicon wafer

was used as a substrate and it also served as the gate of the ’s

transistor.

Each of several organic polymeric multi-metallic alkoxide
composites of the present invention was coated onto Si wafers
as described in Invention Examples 2 and 3 and dried. A 0.3
weight % solution of an organic semiconductor, NDI-
TPCHEX (shown below and as disclosed in U.S. Pat. No.
7,804,087 of Shukla et al. that is incorporated herein by
reference) in a mixture of solvents 1,2.4-trimethylbenzene
and N,N'-dimethylaniline (15 volume %) was spin coated
onto the inventive composite dielectric layer at 1000 rpm and
dried at 70° C. for 15 minutes. Gold or silver contacts having
a thickness of 50 nm were then deposited through a shadow
mask. The channel width was held at 1000 um while the
channel lengths were varied between 50 um and 150 um.

O O O
\/\/\<:>n....N Q N
(@) @]

NDI-TPCHEX

Electrical characterization of the resulting OFET devices
was performed with a Hewlett Packard HP 4145B® param-
eter analyzer. All device measurements were performed in air.

For each analysis performed, between 4 and 12 individual
devices were tested using each prepared organic semicon-
ducting layer, and the results were averaged. For each device,
the drain current (I,) was measured as a function of source-
drain voltage (V ;) for various values of gate voltage (V). For
most devices, V,; was swept from 0V to 80V for each of the
gate voltages measured, typically 0V, 20V, 40V, 60V, and 80
V. In these measurements, the gate current (Ig) was also
recorded in order to detect any leakage current through the
device. Furthermore, for each device the drain current was
measured as a function of gate voltage for various values of
source-drain voltage. For most devices, Vg was swept from 0
V10 80V for each of the drain voltages measured, typically 40
V, 60V, and 80 V.
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Parameters extracted from the data include field-effect
mobility (1), threshold voltage (Vth), subthreshold slope (S),
and the ratio of I,,/1,, for the measured drain current. The
field-effect mobility was extracted in the saturation region,
whereV >V -V, Inthis region, the drain current is given by
the equation (see Sze in Semiconductor Devices-Physics and
Technology, John Wiley & Sons (1981)):

w 2
la= ﬂﬂcox(vg - Vi)

wherein W and L are the channel width and length, respec-
tively, and C__ is the capacitance of the oxide layer, which is
a function of oxide thickness and dielectric constant of the
material. Given this equation, the saturation field-effect
mobility was extracted from a straight-line fit to the linear
portion of the VI ;versus Vg curve. The threshold voltage, V
is the x-intercept of this straight-line fit. Mobilities can also be
extracted from the linear region, where V =V -V . Here the
drain current is given by the equation (see Sze, noted above):

w vz
Iy = Iﬂcox Va(Vg = Vi) = >

For these experiments, mobilities in the linear regime were
not extracted, since this parameter is very much affected by
any injection problems at the contacts. In general, non-lin-
earities in the curves of I ,versus V ;atlow V , indicate that the
performance of the device is limited by injection of charge by
the contacts. In order to obtain results that are largely inde-
pendent of contact imperfections of a given device, the satu-
ration mobility rather than the linear mobility was extracted
as the characteristic parameter of device performance.

The log of the drain current as a function of gate voltage
was plotted. Parameters extracted from the log I, plot include

<:>\/\/\

the 1,,/1,,ratio and the sub-threshold slope (S). The 1,,/1,»
ratio is simply the ratio of the maximum to minimum drain
current, and S is the inverse of the slope of the I, curve in the
region over which the drain current is increasing (that is, the
device is turning on).

The following examples demonstrate that OFET devices
comprising inventive organic polymeric multi-metallic
alkoxide composite dielectrics exhibited high mobilities and
on/off ratios. The mobilities calculated in the saturation
region were between 0.9 and 2 cm?/V-sec, with on/off ratios
of 10° to 107. In addition to the stable performance, the
devices also showed excellent reproducibility.

Invention Example 9
This example demonstrates use of the organic polymeric

multi-metallic alkoxide composite of this invention compris-
ing PMMA-BaTi(MIP), as a dielectric in an OFET device.
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A 0.3 weight % solution of NDI-TPCHEX in a mixture of
solvents 1,2.4-trimethylbenzene-N,N'-dimethylaniline (15
volume %) was spin coated on a PMMA-BaTi(MIP), com-
posite dielectric layer as described in Invention Example 3.
Silver contacts having a thickness of 50 nm were deposited
through a shadow mask. The channel width was held at 1000
um while the channel lengths were varied between 50 um and
150 um. The results are described below in TABLE II.

TABLE II
Dielectric Dielectric Constant Mobility Vth
Layer of Composite Layer  (cm?/Vs) V) L,/Lg
PMMA-BaTi(MIP),4 35 0.31 164 3x103

(8.5 wt. % Ba)

Invention Example 10

This example demonstrates the use of another inventive
organic polymeric multi-metallic alkoxide composite com-
prising PMMA-BaTi(CARB), as a dielectric in an OFET
device.

To a 4 ml solution of PMMA (10%) in carbitol, 1.52 ml of
a solution of BaTi(CARB), (prepared in Bi-Metallic Synthe-
sis) was added to obtain a composite mixture that had 19
weight % of barium. This mixture was diluted with 0.4 ml of
anisole, stirred, and filtered before it was spin casted on a
heavily doped Si wafer substrate. The dry thickness of the
PMMA-BaTi(CARB);, dielectric layer was 412 nm.

A 0.3 weight % solution of NDI-TPCHEX in a mixture of
solvents 1,2,4-trimethylbenzene and N,N'-dimethylaniline
(15 volume %) was jetted using MicroFab’s Jetlab® II Table
Top Printing Platform onto the PMMA-BaTi(CARB)4 com-
posite dielectric layer. Silver contacts having a thickness of 50
nm were deposited through a shadow mask. The channel
width was held at 1000 pm while the channel lengths were
varied between 50 pm and 150 pm. The output and transfer
characteristics of the device are shown in FIG. 2a and FIG.

2b, respectively. The results are shown below in TABLE III.
TABLE III
Dielectric Dielectric Constant Mobility ~ Vth
Layer of Composite Layer  (cm?Vs) (V) 1/ Ly
PMMA- 3.7 1.2 30 1x10°

BaTi(CARB)¢ (19
weight % Ba)

These results show that the composites of this invention
provide suitable dielectric layers but the resulting devices
have significantly improved ambient electrical performance.

Invention Example 11

This example demonstrates the use of another inventive
organic polymeric multi-metallic alkoxide composite com-
prising PMMA-2VP-BaTi(TGEE), as a dielectric in an
OFET device.

To a 5.0 ml solution of PMMA-2VP copolymer (15%) in
1-methoxy-2-propanol (MIP), 2.0 ml of a solution of BaTi
(TGEE), (prepared in Bi-Metallic Synthesis 2) was added to
obtain a composite mixture that had 14 weight % of barium.
This mixture was diluted with 1.0 ml of MIP, stirred, and
filtered before it was spin casted on a heavily doped Si wafer
substrate. The dry thickness of the PMMA-P2VPyr-BaTi
(TGEE), dielectric layer was 608 nm.
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A 0.3 weight % solution of NDI-TPCHEX in a mixture of
solvents mestilyene and 1,2.4-trimethylbenzene (25 volume
%) was spin casted onto the PMMA-P2VPyr-BaTi(TGEE),
composite dielectric layer. Silver contacts having a thickness
of 50 nm were deposited through a shadow mask. The channel
width was held at 1000 pm while the channel lengths were
varied between 50 pm and 150 pm. The output and transfer
characteristics of the device are shown in FIG. 2a and FIG.
2b, respectively. The results are shown below in TABLE V.

TABLE 1V
Dielectric Dielectric Constant Mobility ~ Vth
Layer of Composite Layer ~ (cm?/Vs) (V) L/Iog
PMMA-P2VPyr- 3.7 12x107t 31 1x10?

BaTi(TGEE)s (14
weight % Ba)

The invention has been described in detail with particular
reference to certain preferred embodiments thereof, but it will
be understood that variations and modifications can be
effected within the spirit and scope of the invention.

The invention claimed is:

1. A device comprising a single dielectric layer consisting
essentially of an organic polymeric multi-metallic alkoxide
or aryloxide composite, comprising:

an organic polymer comprising metal coordination sites,

and

multi-metallic alkoxide or aryloxide molecules that are

coordinated with the organic polymer, the multi-metal-
lic alkoxide or aryloxide molecules being represented
by:

(M),(OR),

wherein at least one M is a metal selected from Group 2 of the
Periodic Table and at least one other M is a metal selected
from any of Groups 3 to 12 and Rows 4 and 5 of the Periodic
Table, n is an integer of at least 2, R represents the same or
different alkyl or aryl groups, and x is an integer of at least 2.

2. The device of claim 1 further comprising an organic
semiconductor layer and the single dielectric layer in physical
contact with the organic semiconductor layer.

3. The device of claim 1, wherein the molar ratio of the M
metal selected from Group 2 of the Periodic Table to the M
metal selected from any of Groups 3 to 12 of the Periodic
Table, is at least 0.5:1 to and including 10:1.

4. The device of claim 1, wherein the M metal selected
from Group 2 of the Periodic Table is barium, strontium,
calcium, or a combination thereof.

5. The device of claim 1, wherein the M metal selected
from any of Groups 3 to 12 and Rows 4 and 5 of the Periodic
Table is titanium, zirconium, nickel, copper, zinc, palladium,
silver, or lanthanum, or a combination thereof.

6. The device of claim 1, wherein the alkoxide comprises a
substituted or unsubstituted alkyl group having 1 to 24 carbon
atoms, and the aryloxide comprises a substituted or unsubsti-
tuted phenyl group.

7. The device of claim 1, wherein n is an integer of 2 to and
including 4, and x is an integer of at least 2 to and including 4.

8. The device of claim 1, wherein the organic polymeric
multi-metallic alkoxide or aryloxide composite comprises an
organic polymer comprising metal coordination sites thatis a
poly(meth)acrylate, polyester, or poly(vinyl pyridine).

9. The device of claim 1, wherein the organic polymeric
multi-metallic alkoxide or aryloxide composite comprises the
M metal selected from Group 2 of the Periodic Table that is
barium, strontium, or calcium, or a combination thereof, and
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the M metal selected from any of Groups 3 to 12 and Rows 4
and 5 of the Periodic Table that is titanium, zirconium, nickel,
copper, zinc, palladium, silver, lanthanum, or a combination
thereof.

10. The device of claim 1, wherein the organic polymeric
multi-metallic alkoxide or aryloxide composite comprises a
substituted or unsubstituted alkyl group having 1 to 24 carbon
atoms, and the aryloxide comprises a substituted or unsubsti-
tuted phenyl.

11. The device of claim 1 comprising an n-type or p-type
organic field effect thin film transistor comprising an organic
semiconductor layer and the single dielectric layer.

12. The device of claim 1 that is a thin film transistor that
comprises a gate electrode, the dielectric layer, an organic
semiconductor layer, and source and drain electrodes formed
on a substrate.

13. The device of claim 12 wherein the substrate is a glass
substrate, silicon wafer, or a polymeric film.

14. The device of claim 1, wherein the organic polymeric
multi-metallic alkoxide or aryloxide composite comprises:

an organic polymer comprising metal coordination sites,

and

multi-metallic alkoxide or aryloxide molecules that are

coordinated with the organic polymer, the multi-metal-
lic alkoxide or aryloxide molecules being represented
by:

(M),(OR),

wherein:

the organic polymer comprising metal coordination sites is
apoly(meth)acrylate, polyester, or poly(vinyl pyridine),

the molar ratio of the M metal selected from Group 2 of the
Periodic Table to the M metal selected from any of
Groups 3 to 12 of the Periodic Table, is atleast 2:1 to and
including 1:1,

wherein the M metal selected from Group 2 of the Periodic
Table is barium, strontium, or calcium, or a combination
thereof,

the M metal selected from any of Groups 3 to 12 and Rows
4 and 5 of the Periodic Table is titanium, zirconium,
nickel, copper, zinc, palladium, silver, lanthanum, or a
combination thereof,

the alkoxide comprises a substituted or unsubstituted alkyl
group having 1 to 8 carbon atoms, and the aryloxide
comprises a substituted or unsubstituted phenyl, and

n is an integer of at least 2 to and including 4, and x is an
integer of at least 2 to and including 4.

15. A method for preparing an electronic device compris-

ing:

independently applying a dielectric composition and an
organic semiconductor composition to a substrate so
that, when dried, the applied dielectric composition
forms a single dielectric layer that is in physical contact
with the applied organic semiconductor composition,
wherein the dielectric composition consists essentially

of an organic polymeric multi-metallic alkoxide or
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aryloxide composite in an organic solvent, the organic
polymeric multi-metallic alkoxide or aryloxide com-
posite comprises:

an organic polymer comprising metal coordination sites,
and

multi-metallic alkoxide or aryloxide molecules that are
coordinated with the organic polymer, the multi-me-
tallic alkoxide or aryloxide molecules being repre-
sented by:

(M),(OR),

wherein at least one M is a metal selected from Group 2 of the
Periodic Table and at least one other M is a metal selected
from any of Groups 3 to 12 and Rows 4 and 5 of the Periodic
Table, n is an integer of at least 2, R represents the same or
different alkyl or aryl groups, and x is an integer of at least 2.
16. The method of claim 15 comprising:
applying the organic polymeric multi-metallic alkoxide or
aryloxide composite in the organic solvent to the sub-
strate that is electrically conducting to form a gate
dielectric layer,
removing the organic solvent from the coated gate dielec-
tric layer, applying the organic semiconductor compo-
sition to the gate dielectric layer to form an organic
semiconductor layer, and
forming one or more sets of electrically conductive source
and drain electrodes on the organic semiconductor layer.
17. A process for fabricating a thin-film semiconductor
device, comprising:
providing a substrate,
providing a gate electrode material over the substrate,
providing an organic film-forming polymer dielectric gate
layer over the gate electrode material,
depositing a thin film of an organic semiconductor mate-
rial, and
providing a source electrode and a drain electrode contigu-
ous to the thin-film of the organic semiconductor mate-
rial,
wherein the organic film-forming polymer dielectric
gate layer consists essentially of an organic polymeric
multi-metallic alkoxide or aryloxide composite that
comprises:
an organic polymer comprising metal coordination sites,
and
multi-metallic alkoxide or aryloxide molecules that are
coordinated with the organic polymer, the multi-me-
tallic alkoxide or aryloxide molecules being repre-
sented by:

(M),(OR),

wherein at least one M is a metal selected from Group 2 of the
Periodic Table and at least one other M is a metal selected
from any of Groups 3 to 12 and Rows 4 and 5 of the Periodic
Table, n is an integer of at least 2, R represents the same or
different alkyl or aryl groups, and x is an integer of at least 2.

18. The process of claim 17 wherein the substrate is a
flexible substrate.
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